Our recent studies suggest that H 2 (hydrogen) has a potential as a novel radioprotector without known toxic side effects. The present study was designed to examine the underlying radioprotective mechanism of H 2 and its protective role on irradiated germ cells. Produced by the Fenton reaction and radiolysis of H 2 O, hydroxyl radicals (
Our recent studies suggest that H 2 (hydrogen) has a potential as a novel radioprotector without known toxic side effects. The present study was designed to examine the underlying radioprotective mechanism of H 2 and its protective role on irradiated germ cells. Produced by the Fenton reaction and radiolysis of H 2 O, hydroxyl radicals (
• OH) were identified as the free radical species that were reduced by H 2 . We used a H 2 microelectrode to dynamically detect H 2 concentration in vivo, and found H 2 significantly reduced in situ fluorescence intensity of hydroxyphenyl fluorescein; however, as we treated the mice with H 2 after irradiation, the decrease is not significant. We found that pre-treatment of H 2 to IR (ionizing radiation) significantly suppressed the reaction of
• OH and the cellular macromolecules which caused lipid peroxidation, protein carbonyl and oxidatively damaged DNA. The radioprotective effect of H 2 on male germ cells was supported by ameliorated apoptotic findings examined by morphological changes and TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP nick-end labelling) in testicular tissue, and by preserved viability of stem spermatogonia examined for testicular histological parameters, daily sperm production and sperm quality; we used WR-2721 [S-2-(3-aminopropylamino)ethyl phosphorothioic acid] as a reference compound. Our results represent the first in vivo evidence in support of a radioprotective role of H 2 by neutralizing
• OH in irradiated tissue with no side effects.
INTRODUCTION
With increasing utilization of nuclear technologies in energy production, and medical and industrial applications, the likelihood of radiation exposure to occupational workers, patients and the public has been increasingly recognized [1] . The direct interactions of IR (ionizing radiation) with target biomolecules, the so-called ionization process, which occurs on a timescale of 10 − 14 s, can only be prevented by physical shielding during IR. In major part [2, 3] , detrimental effects of IR on biological tissue are mediated via indirect interactions, which increased production of hydroxyl radicals (
• OH) by radiolysis of H 2 O. It has been demonstrated by Ohsawa et al. [4] that hydrogen (H 2 ) could selectively reduce cytotoxic ROS (reactive oxygen species), such as
• OH and peroxynitrite (ONOO − ) in vitro, and exert therapeutic antioxidant activity in a rat middle cerebral artery occlusion model for the first time. Recently, we demonstrated that H 2 pre-treatment could protect cultured cells, intestine and heart in mice from IR, and improve the 30-day-survival rate in irradiated mice [5, 6] . In addition, Terasaki et al. [7] suggested that H 2 therapy could be a useful means of protection from radiation lung injury in mice. Results so far show the potential of H 2 as an effective radioprotectant without known toxic side effects, but the underlying mechanism involved in the radioprotective role of H 2 in vivo is not yet known. The testis was chosen to study the underlying radioprotective mechanism and role of H 2 because of the availability of assays in the mouse to detect radiation damage and because testis is one of the most sensitive targets in man that is damaged during irradiation [8] .
MATERIALS AND METHODS

Hydrogen-rich saline production
H 2 was dissolved in physiological saline for 2 h under high pressure (0.4 MPa) to a supersaturated level using a hydrogen-rich water-producing apparatus produced by the Department of Diving Medicine. The saturated H 2 saline was stored under atmospheric pressure at 4
• C in an aluminium bag with no dead volume. Hydrogen-rich saline was sterilized by γ -radiation. Hydrogenrich saline was freshly prepared every week, which ensured that a concentration of more than 0.6 mmol/l was maintained. GC was used to confirm the content of H 2 in saline by the method described by Ohsawa et al. [4] .
Radiation
Animal protocols were approved by the Animal Care and Use Committee of the Second Military Medical University. Eight-week-old male C57BL/6 mice were randomly divided into non-irradiated control, H 2 only and radiation + saline and radiation + H 2 groups. Mice were treated intraperitoneally with Abbreviations used: DMPO, 5,5-dimethylpyrroline-N-oxide; H/E, haematoxylin and eosin; HPF, hydroxyphenyl fluorescein; IR, ionizing radiation; MDA, malondialdehyde; 8-OHdG, 8-hydroxy-2 -deoxyguanosine; ROS, reactive oxygen species; SOD, superoxide dismutase; TDI, tubule differentiation index; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling. 1 These authors contributed equally to this study. 2 To whom correspondence should be addressed (email cjm882003@yahoo.com.cn).
or without hydrogen-rich saline (0.01 ml/g of body weight) 5 min before 5 Gy of total-body γ -radiation with a delivery rate of 2 Gy/min. The mice received total-body irradiation in a holder designed to immobilize unanaesthetized mice such that the abdomens were presented to the beam.
Spin-trapping identifies • OH
To identify the • OH that H 2 reduces, we produced • OH by the Fenton reaction which is an iron-salt-dependent decomposition of H 2 O 2 , generating the highly reactive
• OH, and semi-quantified the levels of
• OH in a cell-free system by spin-trapping using DMPO (5,5-dimethylpyrroline-N-oxide; Santa Cruz Biotechnology) as the free radical trapper [4] . We used the second peaks of the signals of the
• DMPO-OH radical to reflect signal intensity, and compared the heights of H 2 in different concentrations.
Hydroxyphenyl fluorescein identifies
• OH
To identify the • OH that H 2 reduces, we also produced • OH by radiolysis of H 2 O; the process produces free radicals such as
• OH, atoms or molecules containing unpaired electrons, which tend to be highly chemically reactive, and we semiquantified the levels of
• OH in another cell-free system using HPF (hydroxyphenyl fluorescein {2-[6-(4 -hydroxy)phenoxy-3H-xanthen-3-on-9-yl] benzoate}; Daiichi Pure Chemicals) [9] . HPF probes are almost non-fluorescent; however, they could be specifically oxidized by
• OH, and the oxidized HPF is strongly fluorescent. We compared the fluorescence intensities at different radiation doses and H 2 concentrations.
Determination of H 2 concentration in vivo
A measure of 0.01 ml/g hydrogen-rich saline solutions was injected into mice via the peritoneal cavity. The mice were anaesthetized with pentobarbital and placed in a supine position. An incision was made on the inferior part of the abdomen under aseptic conditions, and heparin saline was injected into the peritoneal cavity. A H 2 microelectrode (Unisense) was inserted into the testis. The negative current obtained from the H 2 microelectrode was converted into regional H 2 concentration using a calibration curve generated from known levels of H 2 saturated saline as previously described [10] .
Detection of
• OH in vivo
The procedure for the detection of produced • OH in the testis is similar to the method described by Setsukinai et al. [9] with modifications. We used HPF, which is a highly selective, cell-permeant fluorescent probe for the detection of
• OH and ONOO − ; however, it has little reactivity towards other ROS, such as hypochlorite, singlet oxygen, superoxide, H 2 O 2 , nitric oxide and alkyl peroxide. The HPF probe (15 μl, 25 μM) was given intratesticularly in anaesthetized mice 20 min before IR. Testes were quickly dissected from the anaesthetized mice after IR and prepared for cryosection. Fluorescence images were acquired using a fluorescence microscope. The images acquired were analysed by semi-quantitative comparisons of the relative fluorescence intensity of testes between groups.
Biochemical assays
At 4 h after exposure, testis was removed for biochemical assays [5, 11] . Testicular SOD (superoxide dismutase) activity was determined using the SOD assay kit-WST (Dojindo) based on the inhibition of the formation of NADH-PMS (phenazine methosulfate)-Nitro Blue Tetrazolium complex. The GSH was measured using total glutathione quantification kit (Dojindo) based on the development of a yellow colour when 5,5 -dithiobis-(2-nitrobenzoic acid) was added to compounds containing thiol groups. According to the instructions, the levels of MDA (malondialdehyde), protein carbonyl and 8-OHdG (8-hydroxy-2 -deoxyguanosine) were assessed using commercial ELISA kits (Cell BioLabs).
Apoptosis assays
At 12 h after exposure, testes were removed for apoptosis assays [12] . The testes of each mouse were fixed in Bouin's fluid, dehydrated in a graded ethanol series and embedded in paraffin, then sectioned to 5-μm-thick and mounted on glass slides. These sections from every block were both used for H/E (haematoxylin and eosin) staining and TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP nick-end labelling). For H/E staining, the apoptotic cells showed condensed and fragmented nuclei and shrunken cytoplasm. The percentages of apoptotic cells per 100 tubules were determined from three cross-sections from each animal. The parallel sections were used for TUNEL assays. In brief, testis sections were digested with proteinase K, incubated with terminal deoxyribonucleotidyltransferase enzyme and subsequently incubated with anti-digoxigenin conjugated to horseradish peroxidase, using the in situ apoptosis detection kit (Roche) according to the manufacturer's protocol. Apoptotic cells were identified as those with a brown-stained nucleus. The percentages of TUNEL-positive cells per 100 tubules were determined from three cross-sections from each animal.
Tubule differentiation index
Testes removed after exposure were prepared for tissue sections. At 35 days after exposure, survival of the stem spermatogonia were evaluated using the TDI (tubule differentiation index) [13] , which is the percentage of tubules that contained three or more differentiated spermatogenic cells derived from cells that were stem cells at the time of irradiation. A tubule was scored as differentiating if it contained three or more spermatogonia that had reached type B or later. At least 100 seminiferous tubules were scored in each testicular section. The percentage of tubules showing differentiation is the TDI.
Daily sperm production
Testes obtained removed 56 days after exposure were weighed and stored at − 20
• C until analysis. Both testes from each animal were homogenized separately, and elongated spermatid heads (step 14-16 spermatids) were counted on a haemocytometer [14] . Developing spermatids spend 4.84 days in step 14-16 during spermatogenesis in mice. Therefore, to calculate daily sperm production, the number of step 14-16 spermatids was divided by 4.84.
Epididymal sperm quality
Epididymides were removed 56 days after exposure. Spermatozoa were extracted from the cauda epididymis, and the sperm count was assessed in the final suspension by using a haemocytometer. Motility and abnormality of at least 200 epididymal spermatozoa were assessed by means of light microscopy [15] .
Statistical analysis
Results are expressed as means + − S.E.M. for each experiment. The number of samples is indicated in the description of each experiment. Unless noted, the results from the two testes of each animal were averaged for statistical analysis. For single comparisons, we used an unpaired two-tailed Student's t test; for multiple comparisons, we used ANOVA. P < 0.05 was considered to be statistically significant.
RESULTS
Identification of
• OH that is reduced by H 2 in cell-free systems
Signals of the • DMPO-OH radical were reduced by H 2 at different levels by the Fenton reaction (Figure 1 ), 0.8 mM H 2 reduced levels of
• OH in 71.2 % by the Fenton reaction in the mixture of 0.1 mM H 2 O 2 and 0.03 mM ferrous iron. We plotted a standard curve for the assessment of radiation and fluorescence intensity, and the fluorescence intensities were proportional to the doses of γ -radiation ( Figure 2A ). Fluorescence signals from the oxidized HPF were reduced by H 2 in different levels in radiolysis of H 2 O, 0.8 mM H 2 reduced levels of
• OH in 88.7 % in radiolysis of H 2 O in 5 Gy of 60 Co γ -ray, but as we treated the system with H 2 after irradiation, the decrease is not significant ( Figure 2B ).
H 2 reduces
• OH during IR in vivo
Injection of hydrogen-rich saline increased H 2 concentrations in testes (Figure 3 ), and the levels of H 2 peaked approximately 5 min following injection in testis, and returned to normal levels 15 min later. As shown, H 2 levels at 5 and 10 min were 2.8-and 1.8-fold higher respectively than at 0 min. To verify that the diffused H 2 protects against • OH during IR, we assessed the accumulation of
• OH by the fluorescence signal emitted by the oxidized form of HPF. HPF was given 20 min before IR, and H 2 was given 5 min before IR. The testicular fluorescence in the H 2 group was significantly less than that of control group; however, when we treated the mice with H 2 after irradiation, the decrease was not significant (Figure 4) . The pH values were not significantly different between the two solutions (hydrogen-rich saline, 7.34 + − 0.02, compared with normal saline, 7.33 + − 0.01).
H 2 reduces acute oxidative stress caused by IR H 2 restored SOD and GSH levels ( Figure 5A) ; SOD is an enzymic scavenger of superoxide and GSH is a cellular nonenzymic tripeptide antioxidant. The results indicated that H 2 pre-treatment seems to restore testicular antioxidant status. H 2 reduced MDA, protein carbonyl and 8-OHdG ( Figure 5B ). It is well established that oxidative stress damage usually leads to the accumulation of cytotoxic products such as MDA, protein carbonyl and 8-OHdG. The results indicate that H 2 seems to attenuate testicular oxidative damage caused by IR.
H 2 reduces apoptosis of spermatogenic cells after IR
Apoptotic cells were observed mainly in spermatogonia and spermatocytes, but not in spermatids or sperm of all experimental groups. In H/E staining, the majority of abnormal spermatogonia showed condensation of nuclear chromatin; however, the typical morphological characteristics of apoptosis, i.e. margination of chromatin and nuclear fragmentation, were rare. Quantitative analysis for the spermatogonia and spermatocytes revealed that • DMPO-OH radical were semi-quantified from each independent group expressed as the second peaks of percentage control. n = 3, *P < 0.05, **P < 0.01. the apoptotic findings in the H 2 groups were significantly less than those of control groups ( Figure 6 ).
H 2 preserves viability of stem cells against IR
The presence of a germ cell does not guarantee its subsequent viability and function, and two functional assays (histological parameters and daily sperm production), which are more sensitive The fluorescence intensities were semi-quantified from the testes of each independent group (n = 3). **P < 0.01.
Figure 3 Intraperitoneal injection of hydrogen-rich saline increases H 2 concentration in testis
A measure of 0.01 ml/g hydrogen-rich saline was injected via the peritoneal cavity. The mice were anaesthetized with chloral hydrate (0.35 mg/g) and placed in a supine position. A H 2 microelectrode (diameter 50 μm) was inserted into the testis at a depth of 300 μm. H 2 concentration (μM) was increased at 5 and 10 min (relative to 0 min) after being injected into the testis (n = 6). *P < 0.05.
Figure 4 Intraperitoneal injection of hydrogen-rich saline reduces
• OH levels during IR (A) HPF (15 μl, 25 μM) was given intratesticularly in anaesthetized mice 20 min before a 5 Gy dose of radiation, and hydrogen-rich saline (0.01 ml/g) was given intraperitoneally 5 min before radiation. After exposure, tissues were quickly dissected from the anaesthetized mice, and embedded in OCT compound (Sakura Finetechnical Co.), and prepared for cryosection (8-μm-thick section). Representative testicular fluorescent images were obtained with a fluorescence microscope. Baselines 1 and 2 show fluorescence (in the absence of HPF and H 2 ) in the presence of radiation (1) and in the absence of radiation (2) . (B) HPF fluorescence was semi-quantified from the cryosections in each independent experiment. The images acquired were analysed by comparisons of the relative fluorescence intensity of testis between groups (n = 6). *P < 0.05.
indicators in detecting adverse effects on spermatogenesis than mating trials [13] , have been developed to measure germ cell survival and differentiation. We also evaluated cauda epididymal sperm morphology, which is a meaningful parameter to assess the fertilizing ability of spermatozoa. TDI ( Figure 7A ), daily sperm production ( Figure 7B ) and sperm quality ( Figure 7C ) in the H 2 groups were significantly higher than those of control groups.
DISCUSSION
The present study showed for the first time that the radioprotective effect of H 2 in vivo was related to • OH scavengers, and H 2 acted as a prophylactic antioxidant in radiation-induced testis damage in mice. In a cell-free system, different concentrations of H 2 significantly reduced signals of the
• DMPO-OH radical derived were assessed by their sandwich ELISA immunoreactivity in non-irradiated control, H 2 only, radiation + saline and radiation + H 2 groups 4 h after a 5 Gy dose of irradiation (n = 6). *P < 0.05, **P < 0.01.
from
• OH produced by the Fenton reaction. The HPF probe has been successfully used to investigate the generation of ROS under ischaemia in vitro and in vivo [16] . We investigated the reactivity of HPF for chemically generated
• OH, formed by radiolysis of H 2 O. The results showed that the fluorescence intensity was proportional to the dose of γ -radiation (R 2 = 0.991); therefore HPF could detect
• OH formed by radiolysis of H 2 O in terms of a dose-dependent increase in fluorescence, thus confirming the reliability of this method to quantify the generation of
• OH. In another cell-free system, H 2 significantly reduced fluorescence signals of the oxidized HPF derived from
• OH produced by radiolysis of H 2 O. Intraperitoneal administration of hydrogenrich saline remarkably increased H 2 concentrations in testis. The levels of H 2 peaked approximately 5 min following injection, so we treated the mice 5 min before γ -irradiation. H 2 pretreatment has been shown to significantly reduced fluorescence signals of the oxidized HPF, preserved testicular endogenous antioxidants and decreased testicular oxidative damage during IR. The radioprotective effect of H 2 on testis was supported by the reduced apoptosis in male germ cells as examined by morphological changes and TUNEL labelling in testicular tissue, as well as preserved viability of stem spermatogonia examined by histological parameters, daily sperm production and sperm quality {WR-2721 [S-2-(3-aminopropylamino)ethyl phosphorothioic acid] as a reference compound}.
The effect of free radical scavengers to ameliorate the oxidative injuries due to IR has been reported previously [17, 18] . It was estimated that 60-70 % of the IR-induced tissue damage was caused by
• OH [2] . Our recent studies suggest that H 2 has potential as a safe and effective radioprotective agent [5, 6] . Molecular hydrogen selectively reduces the strongest oxidants (
• OH and ONOO − ), but is mild enough not to disturb metabolic oxidationreduction reactions or to react with other ROS, such as superoxide radical and H 2 O 2 , which play important physiological roles [4] . The rapid gaseous diffusion might allow H 2 to easily penetrate membranes and effectively target cytotoxic radicals.
Antioxidant defence enzymes detoxify superoxide anion and H 2 O 2 ; however, no enzyme detoxifies
• OH [19] . Since • OH easily reacts with cellular macromolecules, such as lipids, proteins and DNA, to exert a strong cytotoxic effect, it is biologically important to timely eliminate the hazard during irradiation [20] . In the present study, we detected and semi-quantified the toxic ROS, • OH, using the HPF fluorescent probe, and we found that H 2 could significantly reduce testicular HPF fluorescence in irradiated mice. But when we treated the mice in the H 2 groups with HPF preoxidized with
• OH as Ohsawa et al. [4] described, fluorescence signals from oxidized HPF did not decrease, supporting the idea that H 2 reacts directly with
• OH. It is well documented that the reaction of
• OH and cellular macromolecules results in lipid peroxidation, protein carbonyl and oxidatively damaged DNA. We showed that pre-treatment of H 2 to IR significantly suppressed testicular MDA, protein carbonyl and 8-OHdG production. These results suggest that H 2 could directly eliminate
• OH induced by IR injury in testis.
Our observations are especially important because, except for the thiol compound amifostine (WR-2721), no other radioprotectant is registered for use in humans [21] . However, WR-2721 caused many negative effects limiting its clinical use such as hypertension, nausea, vomiting and others caused by the toxicity, especially its cytotoxic to stem spermatogonia [8, 22] . Some radioprotectors, such as cytokines and immunomodulators, should be used with low radiation doses and/or in combination with free radical scavengers [23] . Some natural antioxidants, such as vitamin E and flavonoids, not only have fewer toxic side effects but also have a low degree of radioprotection [24] . H 2 as one of the most well-known molecules could be a safe and effective antioxidant without known toxic side effects [4] , and both laboratory and clinical studies support the protective effect of H 2 on injuries caused by oxidative stress [25, 26] . H 2 O makes up a major part of the milieu of living systems and plays an important role in radiation chemistry. The highly reactive
• OH is the main oxidizing species produced by the indirect effects of IR, which is associated with radiolysis of H 2 O. H 2 neutralizes
• OH to H 2 O, thereby preventing lipid peroxidation, oxidatively damaged protein and DNA oxidation that contribute to cellular apoptosis or necrosis. In the present study, we showed that H 2 could inhibit apoptosis of spermatogenic cells after IR, and preserve viability of stem spermatogonia against IR. We used WR-2721 as a reference compound; although the radioprotective effects of H 2 have been shown to be less than WR-2721, the exceeded protective effect of WR-2721 seems not to be prominent. The scientific evidence may have prophylactic implications for IR-induced male germ cell death.
The present study has some limitations. H 2 could markedly decrease oxidative stress, and the use of H 2 should not have serious unwanted side effects [4] . We used single intraperitoneal injection; however, the rapid gaseous diffusion would make it difficult to reach a relative high H 2 level and maintain the H 2 The positive spermatogenic cells were most prominent among type B spermatogonia and early preleptotene spermatocytes (n = 6). *P < 0.05, **P < 0.01. Based on the kinetics of spermatogenesis, after the given intervals to allow for regeneration of stem spermatogonia number, TDI was determined by counting the percentage of differentiating tubules. (B) Daily sperm production and (C) sperm count, motility and morphology in H 2 , WR-2721 and control groups 56 days after a 5 Gy dose of irradiation. Based on the kinetics of spermatogenesis, the ability of stem cells to produce sperm was assayed by the number of spermatid heads in the testes and sperm quality from the cauda epididymis. Then 400 mg/kg WR-2721 was given intraperitoneally 15 min before irradiation (n = 6). *P < 0.05, **P < 0.01. concentration. For occupational workers' use, we hope the action of H 2 will continue for a longer time; although H 2 therapy could cause a marked regression of squamous cell carcinoma [27] , H 2 may enter and protect the tumour from radiotherapy. For cancer patients' use, we hope the action of H 2 will be limited to the normal testis and produce local effects. In most of the previous studies [25, 26] , only a small quantity of H 2 gas could exert a marked biological effect. However, the numerous membrane lipids and thiols are in far greater abundance than the effective concentrations of H 2 , whether these levels of H 2 [28] . It is very interesting that H 2 may not be able to bring about any antioxidant activity due to the timescale; however, the antioxidant effect of H 2 is very reproducible by many different scientists. Some studies have suggested that H 2 gas is a new signalling molecule [29] [30] [31] ; however, there is no direct evidence. Although it seems that the theory of antioxidants cannot explain all phenomena in the biology of H 2 , as yet no mechanism has been found to replace the reduction of
• OH by H 2 . The rate constants for the radical-radical reactions are measured under the relatively high levels of free radicals in cell-free systems. It is difficult to assess the concentrations of
• OH with great accuracy in organisms, and it may become unsuitable for examination if concentrations of • OH are relatively low, especially in cultured cells and in vivo. Before the reactions of
• OH with many reductants in cells,
• OH needs to be in close proximity with those biomolecules. However, since H 2 O makes up a major part of the milieu of living systems, and
• OH could not react with H 2 O, • OH must break down the barriers of molecular H 2 O to produce biological effect. Unlike biomolecules, H 2 has favourable distribution characteristics and its rapid gaseous diffusion might make it more easily to break down the barriers of molecular H 2 O to reduce cytotoxic
• OH. We confirmed that H 2 is a novel radioprotector; however, more studies will be necessary to identify the precise and integrated mechanism of H 2 in biology, and the results of the present study should be carefully applied to human subjects.
In conclusion, the effect of reducing toxic • OH in vivo plays an important role in the radioprotective effects of H 2 . Using H 2 may be a novel strategy of fertility preservation in males exposed to IR in the future.
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